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RB is a key substrate of Cdks and an important regulator of

the mammalian cell cycle. RB either represses E2Fs that

promote cell proliferation or enhances the activity of

cell-specific factors that promote differentiation, although

the mechanism that facilitates this dual interaction is

unclear. Here, we demonstrate that RB associates with

and stabilizes pancreatic duodenal homeobox-1 (Pdx-1)

that is essential for embryonic pancreas development and

adult b-cell function. Interestingly, Pdx-1 utilizes a con-

served RB-interaction motif (RIM) that is also present in

E2Fs. Point mutations within the RIM reduce RB–Pdx-1

complex formation, destabilize Pdx-1 and promote its

proteasomal degradation. Glucose regulates RB and Pdx-

1 levels, RB/Pdx-1 complex formation and Pdx-1 degrada-

tion. RB occupies the promoters of b-cell-specific genes,

and knockdown of RB results in reduced expression of

Pdx-1 and its target genes. Further, RB-deficiency in vivo

results in reduced pancreas size due to decreased proli-

feration of Pdx-1þ pancreatic progenitors, increased apop-

tosis and aberrant expression of regulators of pancreatic

development. These results demonstrate an unanticipated

regulatory mechanism for pancreatic development and

b-cell function, which involves RB-mediated stabilization

of the pancreas-specific transcription factor Pdx-1.
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Introduction

In addition to its well-characterized role in regulating cell-

cycle progression by restraining the E2F family of transcrip-

tion factors, the Retinoblastoma protein (RB) performs

an important albeit less studied function via regulating the

differentiation program of diverse cell types (Khidr and Chen,

2006; van den Heuvel and Dyson, 2008). Cdk-mediated

phosphorylation modifies association of RB with its myriad

binding partners that include E2Fs, chromatin modifiers and

cell-type-specific transcription factors (Morris and Dyson,

2001). Repression of E2F transcriptional activity is regarded

as a signature role performed by RB and one that involves

recruitment of chromatin modifying enzymes to the E2F

target promoters. In addition to repressing E2F, RB appears

to perform an equally complex, yet poorly understood, role in

promoting cell differentiation by acting on cell and tissue-

specific transcription factors. Intriguingly, in contrast to its

repressive actions on E2F, RB appears to activate differentia-

tion-specific transcription factors, such as Id2, the myogenic

transcription factors MyoD and MEF2, the adipocyte differen-

tiation transcription factor C/EBP, the osteogenic transcrip-

tion factor Cbfa1/Runx2, the melanocyte transcription factor

Mitf, the macrophage differentiation regulator PU.1, and the

androgen and glucocorticoid nuclear receptors. Restraining

deregulated E2F activity is regarded as an important tumour-

suppressor function attributed to RB. In addition, by virtue of

its role in activating cell-specific differentiation factors, it is

equally plausible that the differentiation-promoting functions

of RB are integral to its tumour-suppressor role (Burkhart and

Sage, 2008). However, the mechanism by which RB activates

differentiation-promoting factors in a cell-type-specific

manner is poorly understood. Moreover, it is not entirely

clear how RB can dually function as a transcription repressor

of genes (such as E2Fs) and as an activator of differentiation-

specific genes and we address this in the manuscript.

Previously, we and others reported that inactivating the

Cdk4 locus in mice results in severe b-cell hypoplasia and

insulin-deficient diabetes (Rane et al, 1999; Tsutsui et al,

1999). In contrast, mice that express an activating Cdk4R24C

kinase (Cdk4R/R mice), that is refractory to inhibition by the

CKI p16Ink4a, develop b-cell hyperplasia (Rane et al, 1999,

2002). While these studies emphasized the crucial role played

by Cdk4 in regulating pancreatic b-cell mass, the underlying

mechanisms remained unknown. Considering RB’s role in

promoting differentiation, we postulated that RB might

regulate pancreas-specific factors and that Cdk4-mediated

phosphorylation could modulate such interactions. Here,

we report that RB associates with and stabilizes a key

pancreas-specific transcription factor, pancreatic duodenal

homeobox-1 (Pdx-1). Interestingly, we show that Pdx-1 and

E2Fs share a common RB-binding motif and indeed they

compete for RB interaction. Moreover, we demonstrate that

RB occupies the promoters of pancreas-specific genes and

ablation of RB in vivo leads to defects in early pancreatic

development revealing an important regulatory role of RB

in pancreas biology.

Results

Pdx-1 associates with RB via a conserved binding motif

and competes with E2F for RB binding

The E2F transcription factors are the most extensively charac-

terized RB-binding proteins (van den Heuvel and Dyson,

2008). The RB/E2F complex is cell cycle regulated wherein
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E2F associates strongly with hypophosphorylated forms of RB

and demonstrates little affinity with hyperphosphorylated

RB. Many RB-binding proteins feature a conserved LXCXE

motif although not all proteins with LXCXE motifs bind

RB (Morris and Dyson, 2001). E2F proteins lack an LXCXE

motif; however, a conserved RB-interaction motif (RIM),

with an amino-acid sequence YX7EX3DLF, is embedded in

the transactivation domain of all E2F proteins (Helin et al,

1992; Shan et al, 1996). Sequence analysis of known pan-

creas-specific transcription factors (Kim and MacDonald,

2002; Jorgensen et al, 2007) revealed an amino-acid sequence

YTRAQLLELEKEFLF in the Pdx-1 transcription factor that is

essential for embryonic pancreas development and adult

b-cell function (McKinnon and Docherty, 2001). Interest-

ingly, the YTRAQLLELEKEFLF sequence in Pdx-1 is similar

to the RIM sequence (YX7EX3DLF) present in E2F proteins

(Helin et al, 1992; Shan et al, 1996) with high degree of

sequence conservation in the core residues that confer

RB binding (Figure 1A). These findings suggested a

strong possibility of a RB/Pdx-1 interaction and we designed

experiments to test this hypothesis. Co-immunoprecipitation

analysis of HA-tagged RB and myc-tagged Pdx-1 showed

evidence of RB/Pdx-1 interaction in Cos7 cells (Figure 1B).

Western blot analyses showed that RB and Pdx-1 are abun-

dantly expressed in b-cell lines, MIN6 and b-HC9 (Supple-

mentary Figure S1) and co-immunoprecipitation experiments

revealed endogenous RB/Pdx-1 complex formation in

MIN6 (Figure 1C and D) and b-HC9 cells (Supplementary

Figure S1).

Considering the similar RIMs, we postulated that Pdx-1

and E2F may compete for RB binding and we examined

this possibility utilizing equal concentration of RB and E2F1

and varying the levels of Pdx-1 in a binding assay. These

analyses revealed that Pdx-1 and E2F1 indeed compete for

RB binding as increasing levels of Pdx-1 displaced E2F1 from

RB association (Figure 1E). RB contains several functional
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Figure 1 Pdx-1 associates with RB. (A) Amino-acid sequence of the conserved RIM in E2F and Pdx-1 proteins. CON, consensus sequence.
(B) Association of RB and Pdx-1 in Cos7 cells. Protein extracts from Cos7 cells either untransfected (Mock) or transfected with HA-RB and
c-myc-Pdx-1 were immunoprecipitated with anti-c-myc antibodies followed by immunoblot with HA-antibody and Pdx-1 antibodies. (C, D)
Protein extracts from MIN6 cells were immunoprecipitated with anti-Pdx-1 (C) or anti-RB (D) antibodies followed by immunoblot with anti-
Pdx-1 or anti-RB antibodies to detect endogenous RB/Pdx-1 complexes. (E) Pdx-1 competes with E2F1 for RB binding. Cos7 cells were
transfected with GFP-RB, HA-E2F1 and c-myc-Pdx-1. Cells were immunoprecipitated with GFP antibody followed by immunoblotting with
antibodies against HA (E2F1), c-myc (Pdx-1) or RB (to detect exogenous GFP-RB and endogenous RB). Fold change in level of RB-associated
protein is provided below respective lanes. (F) Pdx-1 associates with ‘large pocket’ (AþBþC domains) of RB. GST-tagged mutants of RB were
expressed in Cos7 cells transfected with myc-tagged Pdx-1 followed by GST-pull down and immunoblot with anti-myc or anti-GST antibody.
Coomasie blue-stained gel shows the expression levels of GST-RB proteins. Specific proteins are indicated with asterisks. Western blots were
repeated multiple times and different exposures were taken to ensure linearity of the signal and fold changes were determined upon analyses of
a representative experiment.
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domains (Morris and Dyson, 2001). Domains A and B interact

with each other along an extended inter-domain interface to

form the central ‘small pocket’ of RB. The C-domain harbours

Cdk-phosphorylation sites and along with domains A and B

forms the ‘large pocket’ of RB. The ‘large pocket’ regulates

E2F1 association, transcriptional repression, cell-cycle inhibi-

tion and RB’s subcellular localization (Jiao et al, 2006). The

‘large pocket’ is critical to the tumour-suppressor function of

RB and is disrupted by most naturally occurring germ-line

mutations in hereditary retinoblastoma patients and by most

tumour-derived mutations. Binding proteins require the

A-domain (amino acids 379–572) and B-domain (amino

acids 646–772) of RB for interaction (Morris and Dyson,

2001), and we performed assays in Cos7 cells using myc-

tagged Pdx-1 and GST-tagged domain mutants of RB to

determine the regions on RB that specify Pdx-1 binding.

Co-immunoprecipitation analyses revealed a strong inter-

action between GST-RB (379–928; comprising the AþBþC

domain large pocket) and Pdx-1 (Figure 1F). In comparison,

relatively weak Pdx-1 binding was observed with the

A-domain GST-RB (379–612) and the BþC domain GST-RB

(612–928). Further, Pdx-1 failed to associate with the

C-domain GST-RB (772–917) or the AþB domain GST-RB

(379–792) of RB (Figure 1F). Taken together, these results

suggest that the entire ‘large pocket’ of RB, comprising the

AþBþC domains, is important for Pdx-1 interaction.

Pdx-1 interacts preferentially with phosphorylated

forms of RB

Sixteen potential Cdk-phosphorylatable serine (Ser)/

threonine (Thr) residues span the RB protein and we next

examined the contribution of Cdk-mediated phosphorylation

in RB/Pdx-1 interaction. Incubation of MIN6 cells with a

small molecule Cdk4 inhibitor resulted in reduced phos-

phorylation of RB on Ser780, Ser807 and Ser811 (Figure 2A)

and co-immunoprecipitation analyses revealed a reduction in

RB/Pdx-1 complexes in MIN6 cells treated with the Cdk4

inhibitor (Figure 2B). Increased phosphorylation of RB on

Ser780, Ser807 and Ser811 was observed in Cdk4R/R islets,

compared with Cdk4WT islets (Figure 2C). Co-immunopreci-

pitation analyses revealed increased RB/Pdx-1 interaction in

Cdk4R/R islets, compared with that observed in Cdk4WT islets

(Figure 2D). Interestingly, Pdx-1 was unable to associate with

underphosphorylated forms of RB when assayed using an

antibody that specifically recognizes the underphosphory-

lated RB (Supplementary Figure S2). Co-immunoprecipita-

tion assays in MIN6 cells showed that Pdx-1 efficiently

associated with RB phosphorylated on Serine 780, but not

with RB phosphorylated on Serine 807/811 (Figure 2E).

To further examine the relative importance of the phospho-

residues in RB/Pdx-1 complex formation, we engineered

serine to alanine mutations on Ser780, Ser807 and Ser811 by

site-directed mutagenesis. Co-immunoprecipitation assays

using these mutants revealed a weak interaction of Pdx-1

with the RB-S780A (mouse S773A) phospho-mutant, but

normal association with the RB-S807/811A (mouse S800/804A)

mutant (Figure 2F), suggesting that the RB/Pdx-1 interaction

is regulated by the Cdk4-phosphorylatable Ser780 residue of

RB. We observe that the overall levels of RB are moderately

reduced following Cdk4 inhibition (Figure 2A) or increased

in the Cdk4R/R islets (Figure 2C), suggesting that, in addition

to the effects due to phosphorylation, the RB–Pdx-1 inter-

action may be regulated by RB protein levels. Together,

these results suggest that Pdx-1 preferentially interacts

with phosphorylated forms of RB, particularly via the

Cdk4-dependent phosphorylation of the serine 780 residue

of RB.

RIM domain Pdx-1 mutants are unstable and degraded

by the ubiquitin-proteasome pathway

We next conducted experiments to examine the importance

of the RIM domain in the RB/Pdx-1 interaction. This motif is

conserved in E2F proteins and facilitates RB/E2F complex

formation (Helin et al, 1992) and E2F proteins with mutations

in five amino-acid residues within the RIM show impaired

RB/E2F complex formation (Shan et al, 1996). We therefore

engineered similar mutations in the RIM domain of Pdx-1

by site-directed mutagenesis to generate site-specific Pdx-1

mutants (Y154H, L159P, E163K, L167P/F168L) and Pdx-1-M

(comprising mutations at all five sites). Co-immunoprecipita-

tion assays revealed weak, albeit variable, association of

RB with the Pdx-1 mutants compared with the wild-type

RB/Pdx-1 interaction (Figure 3A and B). Interestingly, wes-

tern blot analyses revealed that the expression levels of Pdx-1

mutants were substantially reduced compared with the levels

of wild-type Pdx-1 (Figure 3C). Although we made efforts

to use equal amounts of Pdx-1 wild-type and mutant proteins

in the co-immunoprecipitation assays (Figure 3A and B), it is

plausible that the reduced affinity between RB and Pdx-1

mutants is, at least in part, attributable to the reduced

expression of the mutant Pdx-1 proteins. Treatment with

ubiquitin-proteasome pathway inhibitors, lactacystin or

MG-132, restored Pdx-1 mutant protein levels, suggesting a

role for proteasome-mediated degradation (Figure 3D and E).

Further, mutant Pdx-1-M protein exhibited increased levels of

ubiquitination that was further enhanced upon treatment

with lactacystin (Figure 3F). Interestingly, the wild-type

Pdx-1 protein also showed evidence of substantial ubiquiti-

nation after lactacystin treatment suggestive of ongoing

ubiquitination of wild-type Pdx-1 protein.

RB stabilizes Pdx-1 protein and regulates its half-life

We next examined the effect of RB on Pdx-1 protein half-life

and stability. Treatment of MIN6 cells with siRNA that knock-

down RB resulted in suppression of endogenous Pdx-1

protein level (Figure 4A). Further, infection of MIN6 cells

and normal wild-type mouse islets with lentiviruses carrying

RB shRNA (Supplementary Figure S3), resulted in reduced

expression of Pdx-1 protein (Figure 4B). We then conducted

experiments to measure the half-file of Pdx-1 protein. First,

normal wild-type islets were infected with control lenti-

viruses or lentiviruses carrying RB shRNA in the presence

or absence of the protein translation inhibitor, cycloheximide

(CHX). We observed reduced Pdx-1 protein levels in islets

infected with RB shRNA and Pdx-1 levels were further

reduced upon CHX treatment (Figure 4C). Next, we examined

the effect of the Cdk4 inhibitor on Pdx-1 protein half-life,

which again showed a dramatically reduced Pdx-1 protein

level in islets exposed to the Cdk4 inhibitor (Figure 4D).

Finally, we examined the relative Pdx-1 half-life in islets

isolated from Cdk4WT mice and Cdk4R/R mice. Reduced

Pdx-1 protein levels were observed within 7 h of CHX

treatment in Cdk4WT islets, whereas, Pdx-1 levels were

comparatively maintained in response to CHX treatment in

RB protein controls Pdx-1 stability
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the Cdk4R/R islets (Figure 4E). Taken together, these

results suggest that reduction of RB levels or Cdk4 inhibition

reduces Pdx-1 protein half-life, and, in contrast, increased

Cdk4-mediated phosphorylation of RB stabilizes Pdx-1 and

increases its half-life.

To directly probe RB’s role in the ubiquitination process,

wild-type and Pdx-1-M were transfected along with

HA-tagged RB in the RB-null Saos-2 cell line. In the absence

of RB, Pdx-1-M was undetectable in Saos-2 cells, whereas,

RB transfection moderately restored Pdx-1-M expression

(Figure 4F). Interestingly, transfection of HA-RB also

increased levels of wild-type Pdx-1, which suggests that RB

stabilizes both the wild-type and mutant Pdx-1 proteins.

Moreover, in the absence of RB we observed substantial

ubiquitinated Pdx-1-M even though Pdx-1 protein was low

or undetectable indicative of a rapid turnover of Pdx-1-M

protein (Figure 4G). Restoration of RB expression resulted

in higher levels of wild-type and mutant Pdx-1 proteins

(Figure 4G). Interestingly, wild-type and mutant Pdx-1

proteins remained ubiquitinated upon RB addition, which

suggests that although RB may allow ubiquitination it

precludes ubiquitinated Pdx-1 proteins from degradation.

Further, it is interesting that although it interacts weakly

with RB (Figure 3A), the Pdx-1-M mutant gets stabilized by

RB which is suggestive of alternate points of contact between

RB and Pdx-1 (see below).

RB–Pdx-1 interaction is regulated by glucose levels

Glucose regulates b-cell function and we next examined the

effects of glucose levels on RB/Pdx-1 interaction. First, we
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examined relative expression levels of RB and Pdx-1 proteins

in MIN6 cells during conditions of glucose stimulation and

glucose withdrawal (Figure 5A). For the glucose-stimulation

experiment, MIN6 cells were cultured for 24 h without

glucose and then stimulated by medium containing 25 mM

glucose. For the glucose-withdrawal condition, MIN6 cells

were cultured in glucose-containing medium for 24 h,

followed by culture in glucose-free medium for 24 h. Levels

of RB and Pdx-1 proteins were assayed by western blots

at various time points. We observed that RB protein

levels increased under glucose-removal conditions, whereas

RB protein levels reduced when MIN6 cells were stimu-

lated by glucose (Figure 5B). Interestingly, we observed a

similar expression pattern for Pdx-1 proteins upon glucose

withdrawal or addition (Figure 5B) Consistent with this, we

detected increased levels of ubiquitinated Pdx-1 in the pre-

sence of high glucose (Figure 5C and D). These results

suggested that high-glucose levels destabilize RB/Pdx-1 com-

plexes, and we next examined this possibility. We cultured

MIN6 cells in glucose-free media for 16 h followed by incuba-

tion in low (3 mM) or high (25 mM) glucose-containing

medium for 2 or 24 h (Figure 5E). For the 2-h glucose-

stimulation condition, co-immunoprecipitation analyses

revealed RB/Pdx-1 interaction in cells deprived of glucose

or those cultured in 3 mM glucose, whereas a weak RB/Pdx-1

interaction was observed in cells stimulated with 25 mM

glucose (Figure 5F). Interestingly, culture for 24 h in either

3 or 25 mM glucose resulted in reduced RB/Pdx-1 interaction
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(Figure 5G). Of note, in both the 2- and 24-h experimental

conditions, Pdx-1 was observed to associate with the slower

migrating phosphorylated form of RB and not with under-

phosphorylated RB (Figure 5F and G). Taken together, these

observations indicate that glucose regulates the levels of RB

and Pdx-1 proteins and consequently the degree of RB/Pdx-1

interaction.

RB occupies b-cell-specific gene promoters and

regulates expression of Pdx-1-target genes

b-cell-specific inactivation of Pdx-1 results in age-dependent

loss of b-cell function and diabetes (Ahlgren et al, 1996;

Brissova et al, 2005). Pdx-1 regulates adult b-cell function by

binding and transactivating the promoters of key b-cell-

specific genes, specifically, Insulin, Glucokinase and Pdx-1

itself (McKinnon and Docherty, 2001). Chromatin immuno-

precipitation (ChIP) assays revealed that RB and Pdx-1 occu-

py the Insulin, Glucokinase and Pdx-1 promoters in MIN6

cells (Figure 6A). Whereas these results showed that RB, like

Pdx-1, could occupy promoters of Pdx-1-target genes, they

do not confirm the existence of promoter-bound RB/Pdx-1

complexes. To address this possibility, we performed

sequential ChIP experiments in which immunoprecipitated

RB–chromatin or Pdx-1–chromatin complexes were eluted

and then subjected to a second round of immunoprecipitation

with either Pdx-1 or RB antibodies, respectively. Analyses of

eluates from the sequential ChIP provided evidence of RB/

Pdx-1 complexes on the Insulin, Glucokinase and Pdx-1

promoters (Figure 6A). Together, these results unequivocally

demonstrated that RB can occupy key b-cell-specific gene

promoters, either individually or in complex with Pdx-1.

For assaying the functional consequence of RB binding, we

conducted ChIP assays using cells that were cultured in

glucose-free media and subsequently stimulated with low-

glucose (3 mM) or high-glucose (25 mM) concentration.

Minimal RB and Pdx-1 binding was seen in glucose-deprived
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cells, whereas glucose stimulation promoted variable and

promoter-dependent DNA binding of RB and Pdx-1 on the

insulin, glucokinase and Pdx-1 promoters (Figure 6B).

Expression of Pdx-1 and its target genes, insulin 1,

insulin 2, glut2 and glucokinase was significantly upregulated

in Cdk4R/R islets compared with Cdk4WT islets (Figure 6C).

In agreement, RB induced activation of a luciferase-linked

insulin reporter, whereas a phospho-RB mutant was unable

to activate the insulin reporter (Supplementary Figure S4).

Further, infection of MIN6 cells and normal wild-type mouse

islets with lentiviruses carrying RB shRNA resulted in

reduced expression of Pdx-1-target genes, pdx-1, insulin1,

insulin2, glut2 and glucokinase (Figure 6D and E). Thus, we

find that RB occupies the promoters of Pdx-1-target genes and

regulates their expression.

Abnormal pancreas development in Rb�/� embryos

Pdx-1 has a critical role during early pancreatic development

and is essential for pancreatic outgrowth (Jonsson et al, 1994;

Ahlgren et al, 1996; Offield et al, 1996; Holland et al, 2002).

As our results suggested an important role for RB in regulat-

ing Pdx-1 stability, we next inquired whether RB is essential

during pancreas development. RB deficiency results in

embryonic lethality such that Rb�/� embryos die by

embryonic day E16 due to defects in neurogenesis and

hematopoiesis (Clarke et al, 1992; Jacks et al, 1992; Lee

et al, 1992). Mouse pancreas begins to form by E8.5,

co-incident with the appearance of Pdx-1þ cells, followed

at E12.5 by a secondary transition where the pancreatic epi-

thelium undergoes differentiation to the endocrine, exocrine

or ductal lineages (Kim and MacDonald, 2002). Analysis of
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the E13.5 pancreas revealed significantly reduced pancreas

tissue in Rb�/� embryos, compared with Rbþ /� embryos

(Figure 7A and B), and significantly reduced numbers of

proliferating Pdx-1þ pancreatic progenitor cells (Figure 7C).

RB is a critical regulator of the cell cycle and regulates cell

apoptosis by virtue of its interactions with E2F transcription

factors (Harbour and Dean, 2000; Dick and Dyson, 2003).

Examination of embryonic pancreas tissue by TUNEL

immunofluorescence assays revealed elevated numbers of

TUNELþ cells in the Rb�/� pancreas (Figure 7D and E),

suggestive of increased cell death as a result of RB deficiency.

Consistent with the data in this manuscript, suggestive of

RB-mediated stabilization of Pdx-1 protein, we observed

dramatically reduced Pdx-1 protein levels in Rb�/�

embryonic pancreas, when compared with age-matched

Rbþ /� pancreas or Rbþ /þ pancreas (Figure 7F). It is plau-

sible that the observed defects in pancreas development

could be due to the placental deficits caused by RB deletion

in the extra-embryonic trophoblast stem cells (Wu et al, 2003;

Wenzel et al, 2007). Placental rescue of RB mutant mice

resulted in a lack of obvious defects in neurogenesis and

erythropoiesis—two main reasons for embryonic lethality in

Rb�/� fetuses (Clarke et al, 1992; Jacks et al, 1992; Lee et al,

1992). However, the placental-rescued Rb mutant mice did

exhibit marked defects in other tissues such as the lens and

skeletal muscle (Wu et al, 2003). It thus appears that RB has a

cell-autonomous and non-cell-autonomous role depending

on cell and tissue type. Effect of RB loss on the pancreas,

with or without normal placental compensation, was not

addressed in either the original (Clarke et al, 1992; Jacks

et al, 1992; Lee et al, 1992) or the subsequent placental

rescue studies (Wu et al, 2003; Wenzel et al, 2007). To

examine the effects of RB loss on pancreatic development

without the placental contribution, we established a pancrea-

tic rudiment ex vivo culture system. To this end, we infected

pancreatic rudiments established from wild-type E14.5

embryonic pancreas with GFP-tagged RB shRNA carrying

lentiviruses or with control GFP lentiviruses (Supplemen-

tary Figure S5). The rudiments were analysed after 3 days

when we observed a significant downregulation of the Pdx-1-
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Figure 7 Rb�/� embryos exhibit defects in pancreas development. (A) Immunofluorescence analyses of pancreas tissue sections from E13.5
Rbþ /� and Rb�/�mice. Sections shown in top panel were stained with antibodies against Pdx-1 (green) and the epithelial cell marker, E-cadherin
(red). In the bottom panel, sections from BrdU incorporating pancreas with stained with antibodies against Pdx-1 (green) and BrdU (red) to
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as shown in (A), was quantified in E13.5 Rbþ /� and Rb�/� mice. (C) BrdU-labelled Pdx-1þ proliferating cells were quantified in E13.5 Rbþ /�

and Rb�/� mice. (D, E) TUNEL staining was performed in Rbþ /� and Rb�/� embryonic pancreas at E13.5. The loss of RB in early pancreas
induces apoptosis compared with control. (E) The percentages of TUNELþ cells (green) are to total number of Pdx-1þ cells. In all sections, DAPI
identifies nuclei. **Po0.001. (F) Relative Pdx-1 protein expression of E12.5 Rbþ /þ , Rbþ /� and Rb�/� embryonic pancreas. Results are shown
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target genes, insulin1 and insulin2 (Figure 7G). The data

support the notion that RB loss leads to suppression of an

important Pdx-1-target gene, insulin, which is critical for

normal b-cell function. Further, as shown in Figure 7H,

E11.5 Rb�/� pancreas, compared with E11.5 Rbþ /� pancreas,

displayed significantly reduced expression of genes associated

with early pancreas development (Kim and MacDonald,

2002; Jorgensen et al, 2007) such as Pdx-1, Ptf1a, Sox9,

Ngn3, NeuroD1, Nkx2.2, Nkx6.1 and Pax4. Taken together,

these studies suggest that RB is required during pancreas

development, specifically, for optimal proliferation of Pdx-1þ

pancreatic progenitors, suppressing apoptosis and subse-

quently for mature b-cell function.

Discussion

In addition to its well-characterized role in controlling cell-

cycle progression via its repressive effects on E2F transcrip-

tion factors, RB has an important role in regulating cell

differentiation by controlling cell-type-specific transcription

factors. However, the precise mechanism that facilitates

RB’s dual interaction with cell proliferation factors such as

E2Fs and the cell-type-specific transcription factors that

promote differentiation has been obscure. We show here

that RB associates with Pdx-1, a transcription factor that is

essential for pancreas development and islet b-cell function,

via a conserved interacting motif that is present in E2F

proteins (Figure 8). The fact that this mechanism involves

direct association with a cell-type-specific transcription factor

via a motif that is integral to RB’s association with E2Fs is of

interest to understanding RB-dependent proliferation and

differentiation. Importantly, interaction with RB appears to

be crucial to Pdx-1’s stability as loss of RB association results

in reduced half-life of Pdx-1 protein and its degradation via

the ubiquitin-proteasome pathway. Moreover, RB-deficiency

in vivo results in pancreas developmental defects due to

reduced proliferation of Pdx-1þ pancreatic progenitors,

combined with increased apoptosis and reduced expression

of key pancreatic developmental genes.

Previously, we described the important role of Cdk4 in the

regulation of b-cell mass and b-cell regeneration (Rane et al,

1999, 2002; Rane and Reddy, 2000; Mettus and Rane, 2003;

Lee et al, 2010). The results described here provide a mole-

cular mechanism underlying the unique role played by Cdk4

and RB in pancreas biology. We demonstrate that Cdk4-

mediated phosphorylation of RB regulates its association

with Pdx-1. It appears that Pdx-1 associates with hyper-

phosphorylated RB with the Cdk4-specific RB-Ser780 residue

playing an important role in facilitating the RB/Pdx-1 inter-

action. In contrast, E2F preferentially associates with under-

phosphorylated RB and phosphorylation of RB-Ser780 leads to

dissociation of the RB/E2F1 complex (van den Heuvel and

Dyson, 2008). Pdx-1 and E2Fs lack the LXCXE motif present

in many RB-binding proteins. Instead, RB/Pdx-1 complex

formation, similar to the RB/E2F association, depends on

the interaction between a conserved RIM domain on the

Helix 1 Helix 2 Helix 3

160150 170 180 190 200

Degradation of free E2F

Degradation of free Pdx-1

E2F

E2F

Cdk4E2F

RB

RB

p

RB

RB mutation

Abnormal
pancreas outgrowth

Pdx-1

Pdx-1

Cell proliferation

ub-ub-ub

ub-ub-ub

Pancreas agenesis

Cell differentiation
(Pancreas specific)

Figure 8 Proposed model for RB/Pdx-1 interaction. Schematic of the Pdx-1 homeodomain with the triple helices. Helix 1 houses the putative
RIM (bold letters) with the five critical residues identified (yellow circles under the letters). The histidine residue (triangle symbol; aa 189) and
the KIWFQN motif (double underline) required for DNA binding and the nuclear localization signal (underline) is in Helix 3. Mutation of two
amino acids in Helices 1 and 2 (E164 and E178; asterisks) that lead to an unstable Pdx-1 protein are involved in human pancreas agenesis.
Model for RB-mediated stabilization of Pdx-1. Underphosphorylated RB associates with E2F and precludes activation of E2F-target genes.
Cdk4-mediated phosphorylation of RB triggers release of E2F and free E2F gets ubiquitinated (ub) and degraded by the ubiquitin-proteasome
pathway. Phosphorylated RB associates with Pdx-1 and participates in activation of pancreas-specific genes to promote pancreas
differentiation. Mutation of RB results in impaired pancreas outgrowth. Also, loss of RB binding destabilizes Pdx-1 that gets degraded by
the ubiquitin-proteasome pathway. Pdx-1, with mutations in the RIM, is unstable and associated with human pancreas agenesis.
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E2F and Pdx-1 transcription factors and RB. Further, Pdx-1

and E2F1 compete for RB binding and Pdx-1 can displace

RB-bound E2F1. The large pocket of RB (AþBþC domains

comprising amino acids 379–928) is sufficient for stable

interaction with E2F (Qin et al, 1992). In addition, it was

more recently shown that RB has an alternate binding region

for E2F1 in its C-domain (Dick and Dyson, 2003). Thus, RB

interacts with E2Fs via at least two distinct domains: one

spanning the entire ‘large pocket’ and the other one in the

C-domain. Crystal structural studies confirmed that the RIM

domain of E2F contacts directly to amino acids in both the A

and B domains of the ‘small pocket’ of RB (Lee et al, 2002;

Xiao et al, 2003). Interestingly, the C-domain site of RB

contacts regions on E2F distinct from the RIM domain

(Dick and Dyson, 2003). It is plausible that the RB/Pdx-1

interaction, similar to the RB/E2F-1 association, also utilizes

multiple binding regions, both on Pdx-1 and on RB. Indeed,

we find that the ‘small pocket’ (AþB) region and C-domain

are both necessary, but not sufficient for Pdx-1 interaction;

instead, the entire ‘large pocket’, comprising the AþBþC

domains, is required for Pdx-1 association.

Mutations in the RIM significantly reduces although does

not completely abolish RB/Pdx-1 interaction and it is possible

that Pdx-1 interacts with RB in at least one other location.

Interestingly, residual RB/E2F association is also maintained

despite mutations in the RIM on E2F perhaps due to RB’s

association with the ‘marked-box’ region on E2F protein

(O’Connor and Hearing, 1994). Similar to the RB–E2F

interaction, we believe that the RB–Pdx-1 interaction is

also regulated by multiple interactions with the RB pocket

and phosphorylation sites on RB. Phosphorylation of RB

regulates its binding to DNA-bound E2F and consequently

the E2F-mediated promoter repression (Brown et al, 1999).

It is also known that binding to free E2F is regulated by dual

mechanisms involving phosphorylation either at a number of

C-terminal sites or at sites 8 and 9 in the insert domain of RB

protein (Knudsen and Wang, 1997). Further, phosphorylation

of RB by distinct cyclin–Cdk complexes initiates sequential

intramolecular interactions between the C-terminal region

and the pocket domain of RB that results in a progressive

change in RB’s association with its interacting proteins

and consequently a change in RB function (Lundberg and

Weinberg, 1998; Harbour et al, 1999; Xiao et al, 2003). It is

plausible that disruption of these intramolecular interactions

opens up binding sites for other proteins (like Pdx-1), with

affinity for phosphorylated forms of RB. Importantly, inter-

action of the core binding fragment of E2F with RB is

inhibited by cyclin–Cdk phosphorylation (Xiao et al, 2003).

We infer that Cdk4-mediated phosphorylation of RB-S780A

(mouse S773A) modulates RB/Pdx-1 association. However,

the RB-S780A (mouse S773A) mutation does not completely

eliminate RB/Pdx-1 interaction supporting the reliance on

the AþB domain for binding. Taken together, these studies

further confirm that the AþB domain (small pocket) and the

C-domain (that houses the critical phospho-serine 780 resi-

due) of RB are required for complete Pdx-1 binding.

We show that glucose levels regulate the ability of RB to

occupy the promoter of Pdx-1 and of its target genes. In

addition, we show that glucose regulates the RB/Pdx-1 inter-

action, with high glucose able to dissociate the RB/Pdx-1

complex. Further, we find that high-glucose levels promote

Pdx-1 ubiquitination and also reduce levels of Pdx-1 and RB

proteins. It is worth noting that, the effect of glucose on

Pdx-1 in our study is at odds with published literature in

the same MIN6 cell line in which Pdx-1 half-life is acutely

stabilized under high-glucose conditions and destabilized

under low-glucose conditions (Humphrey et al, 2010). The

different findings could be a consequence of differences in the

experimental design. We examined the half-life of endo-

genous Pdx-1 and its glucose-dependent interaction with

endogenous RB using MIN6 cells. The study by Humphrey

et al used an overexpression system to monitor the effects of

GSK and AKT kinases on exogenous Pdx-1 levels in MIN6

cells transfected with cytomegalovirus promoter-driven

expression vectors encoding HA-tagged wild-type and mutant

Pdx-1. Further, our glucose-stimulation condition also differs

from the study by Humphrey et al. We starved MIN6 cells in

glucose-free media for 24 h, primarily to ensure that MIN6

cells are in a synchronized cell-cycle state in consideration of

the role of RB and Cdk4 in cell-cycle progression. In addition,

the purpose of preincubating the cells under glucose-starva-

tion conditions was to optimize the opportunity to observe

the effects of glucose addition on the Pdx-1 levels, and

RB/Pdx-1 interactions.

The overlapping nature of critical RB association

sequences with putative Pdx-1 ubiquitination targeting

domains and/or proteasome-mediated degradation regions

is consistent with a simple occlusion model for inhibiting

Pdx-1 degradation, whereby RB blocks the ubiquitination

apparatus and/or the proteasome machinery from either

recognizing Pdx-1 or precluding its degradation (Figure 8).

We believe that the absence of RB allows ubiquitination and

subsequent degradation of the ubiquitinated Pdx-1 protein.

However, when RB is present, Pdx-1 although ubiquitinated,

does not get degraded in the proteasomal system. This is

similar to adding a proteasomal inhibitor to the assay, when

ubiquitinated forms are observed. We infer that RB inter-

action protects Pdx-1 from getting degraded, although it may

not necessarily protect it from getting ubiquitinated. Recently,

the Stoffers’ group elucidated that the Pcif1/SPOP protein

interacts with Pdx-1 and that the Pcif1/SPOP–Cul3 complex

targets Pdx-1 protein for ubiquitination and proteasomal

degradation (Claiborn et al, 2010). It remains to be seen

whether the RB/Pdx-1 interaction and the effects on Pdx-1

stability, that we report here, modify the ability of Pcif1/

SPOP–Cul3 complexes to target Pdx-1.

Interestingly, RIM-mediated interaction with RB protects

E2F1 from getting degraded by the ubiquitin-proteasome

pathway (Hofmann et al, 1996; Campanero and Flemington,

1997), suggesting that proteins that interact with RB using the

RIM domain may do so to maintain protein stability. Whether

other cell-type-specific factors that interact with RB (i) have

the RIM sequence, (ii) compete with E2Fs for RB binding and

(iii) utilize the RB association to protect from degradation is

not known. Pdx-1 has a characteristic triple-helical homeo-

domain that is involved in DNA-binding, protein–protein inter-

action and nuclear localization (McKinnon and Docherty,

2001). Interestingly, the RIM that controls Pdx-1 stability is

embedded within Helix 1 of the homeodomain (Figure 8).

Thus, the RB-binding site and the sequences that participate in

homeodomain functions and self-degradation of Pdx-1 are

vicinal to each other, suggesting steric shielding by RB of

Pdx-1 stability and function. A highly conserved histidine at

position 189 that is unique to the Pdx-1 homeodomain and
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a KIWFQN motif within Helix 3 appear to be important in DNA

binding (Lu et al, 1996). In addition, the nuclear localization

signal RRMKWKK is also housed in Helix 3. These observa-

tions are consistent with a particularly important role for Helix

3 in DNA binding (Figure 8). The RIM domain in Helix 1 is

well separated from the DNA-binding functions of Helix 3 that

could potentially enable Pdx-1 to bind DNA and simulta-

neously interact with RB.

PDX-1 mutations are associated with early-onset (MODY4;

pro63fsdelC) and late-onset forms of type 2 diabetes (Stoffers

et al, 1997a, b; Hani et al, 1999; Macfarlane et al, 1999).

Interestingly, two mutations within the PDX-1 homeodomain

are associated with human pancreas agenesis (Schwitzgebel

et al, 2003). Importantly, the E164D mutation is embedded

within the RIM that controls Pdx-1 stability (Figure 8), and,

moreover, both the E164D and E178K mutations significantly

decrease the mutant Pdx-1 protein’s half-life (Schwitzgebel

et al, 2003). In addition, the E178K mutation is also recently

implicated in neonatal diabetes (Nicolino et al, 2010).

Whether, these mutations interfere with the ability of Pdx-1

to bind RB remains to be determined. Further, optimal Pdx-1

levels are important for proper pancreas formation (Fujitani

et al, 2006), suggesting that mechanisms that control Pdx-1

expression and its stability are vital during pancreas deve-

lopment. We illustrate that complete RB deficiency leads to

defects in pancreas outgrowth and differentiation perhaps

due to reduced proliferation of Pdx-1þ progenitors and

suppression of genes associated with pancreas development.

In addition, we observe that RB deficiency results in

increased apoptosis in the RB knockout embryonic pancreas.

These observations, taken together with the reduced proli-

feration of Pdx-1þ pancreas progenitors, allows us to

conclude that the reduced embryonic pancreas size in the

RB knockout embryonic pancreas is due to a combination of

limited proliferation of pancreas progenitors and increased

apoptosis. However, it is unclear whether the two processes,

defective proliferation and increased apoptosis, are both

exclusively due to the unstable Pdx-1, or, at least in part, a

result of a more general cell cycle role played by RB.

Interestingly, Pdx-1 deficiency enhances b-cell susceptibility

to ER stress-associated apoptosis (Sachdeva et al, 2009), and

it will be important to inquire whether this phenomenon is

dependent on RB. Interestingly, b-cell-specific deletion of RB,

using a rat-insulin promoter Cre-mediated excision, results in

minimal defects in b-cell mass and function most likely due

to the inactivation of RB later during pancreas development

(Vasavada et al, 2007), although RB and its related family

member p130 regulate the G1/S transition in pancreatic

b-cells (Harb et al, 2009). These results suggest that the

timing of RB expression (before and/or during the secondary

transition) or its expression in pancreatic cell types other

than b-cells is important for optimal pancreas development.

It remains to be determined whether mutations in RB

predispose to pancreas agenesis or diabetes in humans. In

conclusion, these results strongly suggest that RB has

an important role in pancreas development and in b-cell

function by physically interacting with and stabilizing

Pdx-1 thereby precluding its degradation via the ubiquitin-

proteasome machinery. Moreover, this study elucidates

a unique yet simple mechanism utilized by RB to dually

control factors that promote cell proliferation and cell

differentiation.

Materials and methods

Cell culture, mouse islet preparation and reagents
MIN6, b-HC9, Cos7 cells and 293ET cells were cultured in DMEM/
10% FBS. RB-deficient Saos-2 cells were maintained in RPMI 1640/
10% FBS. MG-132 and lactacystin were from Peptide international,
Inc. Cdk4 inhibitor II was from Calbiochem and final concentration
used was 0.4 mM. Mouse islets were prepared as described
previously (Lin et al, 2009). Following ductal injection of
collagenase, the pancreas was digested. Islets were purified by
Ficoll gradient and cultured in RPMI with 10% FBS, 1% Pen/Strep
and 5.5 mM Glucose overnight before experiments.

Viral infection and creating stable cell lines
The GFP-tagged pSICOR and pSICOR-shRb lentiviral vectors
containing two different shRNA constructs (shRb#3; shRb#5)
targeting mouse Rb were used. For lentiviral packaging, 293ET
cells were cultured 16 h before transfection. In all, 0.5 ml/plate of
viral supernatants together with 4 mg/ml (final) of polybrene
(Sigma) was added to the cultures. Cells were transferred to fresh
medium after 48 h of infection and allowed to grow for an additional
24 h before analyses.

Pancreatic rudiments culture
Embryonic pancreases were harvested from normal wild-type
embryos at E14.5 and digested with 0.2 mg/ml of Liberase RI
(Roche) for 8 min at 371C. The digested pancreatic rudiments are
referred as fetal pancreatic (FP) cells. FP cells were grown in DMEM
with 10% FBS. Cells were plated in 24-well tissue culture plates 24 h
before infection with GFP-tagged control or shRb lentiviruses.
Imaging of these cells to detect GFP fluorescence was done 72 h
after infection using an inverted microscope Axio Observer.Z1
(Zeiss).

Plasmids and transient transfection
HA-E2F1, c-myc Pdx-1 (a gift of Dr S Ozcan, University of
Kentucky), HA-RB, GFP-RB and Flag-Ubiquitin (gift of Dr Yihong
Ye, NIDDK) were transfected in MIN6, Cos7 or Saos-2 cells using
FuGENE 6 (Roche, IN). After 48 h incubation, cell lysates were
prepared. For effect of MG-132 or lactacystin, cells were treated for
6 h before harvesting of the cells.

Site-directed mutagenesis
Site-directed mutagenesis in HA-RB and c-myc Pdx-1 were
generated using Quick-Change Lightning Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA). All mutant plasmids were verified by
DNA sequencing by Agencourt Bioscience Co. (Beverly, MA).

Purification of GST-RB recombinant and GST-pull down assay
Expression and purification of recombinant GST proteins were as
described elsewhere (Chittenden et al, 1991; Kaelin et al, 1991;
Chew et al, 1998; Gagrica et al, 2004). Escherichia coli BL21 cells
with various GST-fusion expression plasmids were cultured at 371C
and expression of recombinant proteins was induced by 0.1 mM
final concentration of IPTG for 3 h. GST-tagged mutants were
expressed in Cos7 cells transfected with myc-tagged Pdx-1 followed
by GST-pull down and immunoblot with anti-myc or anti-GST
antibody.

CHX experiments
Islets were cultured with final concentration of 10mM CHX for the
indicated times. Lentivirus infection was 48 h before 10 mM CHX
treatment for 7 h. Islets were pretreated for 24 h with 0.4 mM Cdk4
inhibitor prior to 10mM CHX treatment for 7 h.

Glucose experiments
In the glucose-stimulation condition, MIN6 cells were cultured
overnight in normal medium and were then cultured for 24 h
in glucose-free media when two time points (�24 and �12 h)
were taken. After the 24-h glucose-deprivation period (time 0), the
cells were moved to glucose-containing medium and cells were
harvested at 6, 12 and 24 h after glucose stimulation. In the glucose-
withdrawal condition, MIN6 cells cultured overnight in normal
medium and were then cultured for 24 h in glucose-containing
media when two time points (�24 and �12 h) were taken. After
the 24-h glucose-addition period (time 0), the cells were moved to
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glucose-free medium and cells were harvested at 6, 12 and 24 h after
glucose withdrawal. MIN6 cells were transfected with Flag-tagged
ubiquitin for 48 h followed by culture in glucose-containing or
glucose-free media for 12 h and subsequently cultured for an
additional 12 h in glucose-free or glucose-containing media. Prior
to harvesting, cells were incubated with proteasome inhibitors
MG-132 or lactacystin for 6 h.

Western blotting and co-immunoprecipitation
Western blot analysis used protocols as described previously
(Lin et al, 2009). Antibodies used are anti-RB monoclonal
antibodies (BD Biosciences, San Jose, CA), anti-Pdx-1 polyclonal
antibodies (Millipore), mouse monoclonal c-Myc antibodies
(Santa Cruz Biotechnology, CA), mouse monoclonal HA epitope
antibodies (Roche, MA), phospho-RB (Ser780) and phospho-RB
(Ser807/Ser811) were from Cell Signaling (Beverly, MA). The same
membranes were reblotted with monoclonal anti-a-tubulin and
b-actin antibodies (Sigma, Saint Louis, MO) to estimate the amount
of protein loaded.

ChIP assay
The ChIP assays were performed according to the manufacturer’s
recommendation (Active Motif, CA), using protocols described
previously (Lin et al, 2009), with antibodies to RB (BD Biosciences,
CA), Pdx-1 antibodies (Millipore, IN) and normal rabbit/mouse IgG
(Vector Lab, CA) and promoter-specific primers (information is
available upon request) to amplify the Pdx-1-binding region.
Sequential ChIP protocols were kindly provided by Dr M Szyf
(McGill University).

Animals
Rbþ /þ and Rbþ /� mice and Cdk4 mice are described elsewhere
(Jacks et al, 1992; Rane et al, 1999). Rbþ /þ and Rbþ /� mice
were maintained on a C57BL/6 background. Timed matings were
conducted, with E0.5 as midday of the day of discovery of a vaginal
plug. For BrdU labelling, pregnant females were injected i.p. with
50mg of BrdU per gram of body weight, and embryos were
harvested 1 h after injection.

Immunofluorescence analysis
Harvesting of embryonic tissues was followed by immunostaining
overnight at 41C in 10 mM PBS with the following primary
antibodies: 1:800 rabbit anti-Pdx-1 (Millipore, CA), 1:1000 mouse
anti-E cadherin (BD Biosciences, CA) and 1:50 mouse anti-BrdU
(Dako, IN). All secondary antibodies were obtained from Invitrogen
and were used at 1:1000 (Alexa Fluor 488) or 1:1000 (Alexa Fluor

568) dilutions, and coverslips were mounted with Vectashield
(Vector Laboratories, CA). Slides were imaged on a confocal
microscope LSM510 (Zeiss, NY).

TUNEL assay
To evaluate the apoptosis in embryonic pancreases at E13.5, we
performed the TUNEL labelling using the DeadEnd Fluorometric
TUNEL System (Promega) following the manufacturer’s instruc-
tions. To determine the percentage of apoptotic cells, we counted
the percentage of TUNELþ cells to total Pdx-1þ cells. At least 10–12
sections were analysed per genotype.

Real-time PCR
Total RNA was prepared from cells, islets or embryonic pancreases
from Rbþ /� and Rb�/� mice at E11.5 by using the RNAqueous-
Micro kit (Ambion, TX) and subjected to real-time RT–PCR as
described elsewhere (Lin et al, 2009). Reactions were performed
in triplicate, and relative amounts of cDNA were normalized to
18 s rRNA.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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